Two new samples of QSOs have been constructed from recent surveys to test the hypothesis that the redshift distribution of bright QSOs is periodic in log(1 + z). The first of these comprises 57 different redshifts among all known close pairs or multiple QSOs, with image separations ≤ 10 ′′ , and the second consists of 39 QSOs selected through their X-ray emission and their proximity to bright comparatively nearby active galaxies. The redshift distributions of the samples are found to exhibit distinct peaks with a periodic separation of ∼ 0.089 in log(1+z) identical to that claimed in earlier samples but now extended out to higher redshift peaks z = 2.63, 3.45 and 4.47, predicted by the formula but never seen before. The periodicity is also seen in a third sample, the 78 QSOs of the 3C and 3CR catalogues. It is present in these three datasets at an overall significance level 10 −5 -10 −6 , and appears not to be explicable by spectroscopic or similar selection effects. Possible interpretations are briefly discussed.
INTRODUCTION
Early in the studies of QSOs, a sharp peak in the redshifts at z = 1.955 was reported (Burbidge & Burbidge 1967 ). Soon after this it was claimed that if we restrict ourselves to low redshift QSOs and related objects with similar optical spectra, now called AGN, the redshifts show a quantized appearance at values of z n = n × 0.061, at least up to n ≃ 10 (Burbidge, 1968) . Initially, with only 70 objects known, a strong peak was seen at z = 0.061, and this has persisted with more than 700 objects measured with z ≤ 0.2 ).
As the number of redshifts of QSOs grew, additional peaks in the redshift distribution became apparent. Cowan (1969) , Karlsson (1971 Karlsson ( , 1977 and Barnothy & Barnothy (1976) claimed that the peaks are periodic, and Karlsson (1977) found that ∆ log(1 + z) = 0.089, with peaks lying at z = 0.061, 0.30, 0.60, 0.96, 1.41, and 1.96. This analysis was based on about 600 QSOs, most of which were comparatively bright radio emitting objects (Burbidge, 1978) . The result was supported by statistical investigations by Fang et al. (1982) and by Depaquit, Pecker & Vigier (1985) .
The samples showing the periodicity are restricted to quasi-stellar objects as classically defined, either (a) star-like objects with large redshifts determined from broad emission lines superimposed on the blue continua, or (b) objects which although very compact are not completely stellar in appearance but which have spectra very similar to those of QSOs. In recent times this latter class have been called active galactic nuclei or AGN. The effect has never been found in samples of galaxies which have normal spectra arising from stars and interstellar gas, or in samples which have substantial admixtures of normal galaxies.
Several authors have tested the QSO periodicity hypothesis using inappropriate samples dominated by types of object for which the phenomenon has never been claimed. For example Green and Richstone (1976) failed to find any periodicity in a sample of emission line galaxies, while Scott (1991) used first all of the objects identified in the 3CR radio catalogue of which only a small fraction are QSOs, and then a catalogue of low redshift galaxies chosen from their IRAS properties (Rowan-Robinson et al. 1990 ).
Early in the discussion of the peaks and periodicities it was suggested that instrumental and spectroscopic selection effects could give rise to spurious peaks at certain redshifts and thus it has been suggested that the periodicity is simply a reflection of these effects (e.g. Wills & Ricklefs 1976 , Box & Roeder 1984 , Scott 1991 , Basu 1999 . For example, objective prism surveys yield a large number of QSOs with redshifts between 2 and 2.4, half-way between the observed peaks. Depaquit et al. (1985) , in an extensive study of sampling effects, found that there is a strong UV selection effect in the sampling of optical quasars, leading to the (U-B) excess of typical QSO spectra peaking at around z=0.28 and 1.96, close to two of the postulated peaks, with a weaker maximum at 1.32 (cf Basu 1999) . Thus in principle even a radio or x-ray selected sample in which many sources are identified, color selection could creep in through a systematic failure to identify QSOs in the gaps between the peaks. Where color selection shows modulation on a scale comparable to the periodicity being claimed due to filter widths being comparable to emission line spacings, the reality of the periodicity might well be in doubt. However, it was shown long ago that if we take into account all of the emission lines that are used over the wide spectral range involved in the redshift determinations it is clear that the observed peaks are too sharp and too numerous to be explained in this way (Burbidge 1978) .
To improve on the earlier studies we start by considering the well known statistical association between low redshift galaxies and QSOs which has been found for many samples. The first well established association of this kind was that found between positions of the 3CR QSOs and the bright galaxies in the Shapley-Ames Catalogue (Burbidge et al. 1971) . Later using a larger sample found the angular scale of association to be about θ ∼ 10 ′ corresponding to a separation ∼200 kpc (H 0 = 60 km s −1 Mpc −1 ). Zhu and Chu (1995) found evidence for galaxy -QSO associations for the Virgo cluster galaxies 5 ′ ≤ θ ≤ 40 ′ consistent with the same linear scale. In very recent studies (cf Norman & Williams 2000) similar effects are found. Having established a statistical association between high redshift QSOs and low redshift galaxies this provides a new sample of QSOs with which to test the periodicity effect. This was tested in 1990 (Karlsson 1990 , Arp et al. 1990 , and the same periodic effect was found. The scale of the associated QSOs was again ≃ 40 ′ . Although, in this case the angular separation and the physical circumstances under which the periodicity is said to hold are not precisely formulated, the periodicity itself is well-defined and so, for a prescribed dataset, its presence or otherwise can be rigorously tested. Thus in the present paper, we test first the hypothesis that QSOs close to low-redshift galaxies show a redshift periodicity ∆ log(1 + z) = 0.089, against the null one that there is no such periodicity. We then test whether the same periodicity is present in a second datset chosen on a basis of morphological characteristics, and finally take a look at the QSOs in the well-known 3C and 3CR catalogues.
ANALYSIS OF THE KARLSSON DATASET
In previous studies, little attention has been paid to the standard deviation of the supposed periodicity, or have mentioned its phase. However these quantities need to be known if new datasets are to be used in testing the periodicity claim. Further, the null distribution is usually implicitly taken to be uniform, although this is clearly incorrect in general (e.g. Fig. 2 ).
Here we start by using a bootstrap procedure and apply it to the Karlsson (1990) data. This yields a narrow confidence region, in period and phase, within which the periodic solution is plausibly expected to lie. The redshift distributions of two new datasets, described below, are then tested for the Karlsson periodicity, their significance of fit being given by the fraction of simulated (random) datasets which yielded a best-fit period and phase in the acceptable range. These random datasets are constructed in one or more of three ways:
(i) Data were extracted at random from a distribution of field QSOs given by the Hewitt & Burbidge (1993) catalogue of over 7300 QSOs. This catalogue, in common with all other QSO catalogues, is subject to selection effects. However provided the datasets used for testing, and those drawn from the catalogue, are equally biased by these inhomogeneities, the cause of any significant difference between them must lie elsewhere.
(ii) Synthetic data were extracted from continua constructed so as to empirically reproduce the broadband behaviour of the data. This procedure empirically allows for the broadband sampling efficiency involved in the data selection but has the limitation that narrow-band structure, which might bias the result, is filtered out.
(iii) The real data in the samples were randomized using a kernel density estimate -essentially Monte Carlo sampling with replacement. This method has the advantage that it allows one to test whether the 'periodicity' is too regular (i.e. the signal is too strong) to be consistent with shot noise, whatever the selection function.
The statistic used to investigate the periodicity claim was the power I of power spectrum analysis (PSA), which has well-known limitations due to bias, nonstationarity and slowness of convergence to normality (Newman et al. 1992 , Thompson 1990 ). However since the approach used is to compare real datasets with an ensemble of synthetic ones, which suffer these drawbacks in equal measure, there is likely to be little effect on significance estimates. Conventions vary, but in the present study the power I is defined as
where
with ν = 1/P . For each trial period P , the data are in effect wrapped around a drum of circumference P , unit radial vectors e i are assigned to each datum, and the vectors are added. The resultant vector
has a direction relative to the x-axis of
The phase φ so defined is the distance of the first peak from the origin along the log(1 + z) axis, and lies in the range 0≤ φ < P . For random, uniformly distributed redshifts, |R| represents a random walk in the Argand plane, withĪ=2, and probability distribution exp(−I/2). Fig. 1a shows a histogram of the 116 QSO redshift data examined by Karlsson (1990) , along with its unwindowed power spectrum (Fig. 1b) . This has a peak in ∆ log(1 + z) corresponding to a periodicity (P, φ)=(0.089, 0.028) of power I ∼15.6. It is well known that an unwindowed power spectrum may sometimes throw up high spurious peaks, and a peak of similar strength appears at P ∼ 0.070: it might be thought that the latter should be given similar weight to that at ∼ 0.089. However only the ∼ 0.089 periodicity had been previously claimed as real (Karlsson 1971 (Karlsson , 1977 , and so has to be given the added weight appropriate to an a priori claim.
The dispersions in period P and phase φ obtained from 1000 bootstrap samplings of the data are shown in Fig. 3 . Strong concentrations of solutions around the two peaks are obvious, as is the presence of harmonics. It is evident that any new dataset must show a periodicity in a very narrow range of (P, φ) before it can be said to satisfy the hypothesis under test. It was again assumed that the 'real'
periodicity, if such exists, is that given by the well-defined set of solutions in the neighbourhood of the Karlsson (1990) one, rather than say one of these harmonics. Thus the rectangle ABCD defined by (P, φ)= A(0.093,0.000), B(0.100,0.000), C(0.084,0.060), D(0.083,0.036) encompasses 99.5% of these neighbourhood solutions and was taken to define the confidence region within which a best-fit periodicity must lie before it can be said to be consistent with the hypothesis under test. To a first approximation, calculated significance levels vary pro rata with the area of the adopted confidence region.
THE NEW DATASETS
The first of the two new datasets examined comprises a list of 57 redshifts of all of the known very close pairs or multiple QSOs with separations between the images ≤10 ′′ (Table 1 ). The majority of objects in this list have been taken from the Castles survey (CfA-Arizona Space Telescope gravitational lens survey (Kochanek et al. 2000) and from Table 5 in Véron & Véron (2000) . Others have been taken from the recent literature (Lidman et al. 1999; Myers et al. 1999) . We also include four pairs in which the two QSOs have very different redshifts Surdej et al. 1994; Wampler et al. 1978) which are not in the Castles list or in Fig. 4 .
In most or all large QSO catalogues, the underlying 'complete' distribution of redshifts (say in a fluxlimited sense) is irredeemably lost due to entanglement with various sampling biases. For this reason,
Véron & Véron (2000), for example, explicitly warn against using their catalogue for statistical analysis.
However, because the periodicity is said to hold only for QSOs close to galaxies, a differential approach can be applied to this dataset. Any significant difference between their redshift distribution and that of field QSOs can then only be due either to some differential selection effect, or to some physical cause.
The second set is made up of X-ray emitting QSOs lying close to nearby, active galaxies. It is well known that there are many compact X-ray sources detected by ROSAT which lie close to active galaxies. Radecke (1997) showed that there is significant clustering of these sources about active galaxies, and Arp (1997) identified many of them as QSO candidates. All of the objects which have so far been observed spectroscopically turn out to be QSOs. These 39 QSOs are listed in Table 2 . The results are taken from Burbidge (1995 Burbidge ( , 1997 Burbidge ( , 1999a Burbidge ( , 1999b , Burbidge et al (1999) , Arp (1996 Arp ( , 1997 and Chu et al. (1998) . This sample is 'complete' in the sense that all the compact X-ray sources close to nearby, active galaxies were identified as QSOs in the ROSAT survey to the prescribed flux limit. There are therefore no 'missing' QSOs in this sample which could allow gaps between peaks to be filled. This redshift distribution is shown in Fig. 5 .
The close pairs of QSOs
Power spectrum analysis of the redshifts in Table 1 yields a clear peak of signal strength I ∼10.6 at (P, φ)=(0.093, 0.007).
To a first approximation, the QSOs in this list are simply the lensed fraction of the brightest QSOs in (say) the Hewitt & Burbidge (1993) catalogue, modulated by some smooth function to take account of the lensing probability (which is a function of magnitude). There is therefore no reason to expect high-frequency modulation in the dataset other than that which already exists in the QSO catalogues.
We first ask whether this signal might arise by chance, from that of QSOs in the general field. To assess this, data were randomly extracted, with replacement, from the redshift distribution of the ∼7300 QSOs in the Hewitt & Burbidge (1993) catalogue (Fig. 2) in sets of 57 and analyzed as above, the peak values of (P, φ) in the power spectrum of each dataset being recorded. The distribution of 5,000 such peaks is shown in Fig. 6 . It has a banded structure, which may be ascribed to edge effects (Lutz 1985) , but the peaks clearly extend over the whole range of (P, φ) investigated. For a run of 5,000 such trials, 87 peaks occurred within the prescribed confidence region, and of those, 13 had power I ≥10.6. Thus the probability that a set of 57 QSOs, randomly extracted from the Hewitt-Burbidge catalogue, would yield the observed periodicity by chance is ∼ 2.6 × 10 −3 , and the dataset under examination confirms the Karlsson periodic solution at a confidence level 99.7%. The lensing probability varies smoothly with magnitude and so is unlikely to have much effect on the calculated significance.
A second test was carried out in which 57 redshifts were extracted from the dataset at random, with replacement, and a random gaussian displacement applied to each, with dispersion σ=7 km s −1 sufficient to wash out the periodicity but not enough to mask the overall redshift distribution. PSA was applied to each dataset so constructed and the highest peak occurring anywhere in the range 0.040≤ P ≤0.200
was recorded. A run of 5,000 such trials yielded 104 'hits' within the ABCD quadrilateral, of which 17 had power I ≥10.6. Thus these Monte Carlo trials once again support the Karlsson periodic solution at a confidence level C ∼99.7%.
The X-ray QSOs
A PSA of the 39 X-ray redshifts yields a formal solution (P, φ)=(0.083, 0.047), just within the Karlsson solution but with strength only I ∼7.2. It is unlikely that the X-ray QSOs represent a sample drawn from a distribution like that of Fig. 2 and so, to assess the significance of this best-fit periodicity, a null distribution was derived by fitting a cubic spline on to the data (Fig. 8) . Synthetic data were then extracted randomly in sets of 39 from this continuum, and PSA applied to them, the highest peaks anywhere in the range 0.040≤ P ≤0.200 being recorded. Because of the broadband structure of this null continuum, the periodicity is here being tested against a 'shot noise' null hypothesis. This procedure yielded 90 'hits', 36 of them with I ≥7.2, whence C ∼99.2%. A similar procedure using datasets generated by the Monte Carlo procedure yielded 132 hits, 53 of them with I ≥7.2, whence C ∼98.9%.
The combined datasets
The two datasets are almost complementary in that most of the redshifts in Table 1 have z ≥ 1.41
while most of the 'X-ray QSO' redshifts in Table 2 have z ≤ 1.41. The combined samples amount to a set of 96 redshifts, similar in size to the 116 Karlsson (1990) dataset being used as a template. Their distribution in log(1 + z) is shown 'raw' in Fig. 9a , and 'smoothed' in Fig. 9b . This latter was obtained from a rectangular window, which is an asymptotically unbiased kernel estimator (de Jager et al. 1986 ), of width 0.003 and step length 0.001. A periodicity is clearly visible, the 96 combined data yielding a peak signal at (P, φ)=(0.086,0.039) of strength I ∼15.6 (Fig. 10) . It would, of course, be surprising if this pooling of data introduced periodicity where none exists in the individual datasets. This best-fit solution is remarkably close to the one under test, namely (P, φ)=(0.089, 0.028).
To test whether there is a significant difference between these solutions, the data from the Karlsson and two new datasets were first combined. A PSA of the 212 redshifts yielded (P, φ)=(0.088,0.034), the signal having strength I=29.5. A Monte Carlo t-test was then carried out in which the 96 redshifts of Tables 1   and 2 were first pooled with the 116 of the Karlsson dataset, and then randomly reallocated into pairs of (116,96). For each such pair, the mean residualx i departure from the solution (P, φ)=(0.088,0.034) was calculated, and the differencex 1 −x 2 recorded. Three thousand such trials (Fig. 7) yielded a basis for comparison with the observedx 1 −x 2 =0.015. It can be seen that there is no significant difference between the best-fit periodicity derived from the new datasets and the one under test.
The significance of this periodic solution was estimated in a number of ways. Synthetic datasets were created by the Monte Carlo procedure as before: randomly choosing data (with replenishment) and then adding, to each datum so chosen, a random gaussian element. A dispersion σ=0.090 was first adopted, large enough to wash out the periodicity under test but not so large as to wash out the overall distribution of the dataset. The overall significance level was given by the fraction of solutions lying within the confidence region, having at least the observed signal strength. A set of 5000 trials yielded 114 'hits' within the prescribed confidence region, of which three had I ≥15.5 (Fig. 11 ). Similar runs with σ=0.060 and 0.030 yielded similar answers. These significance levels were checked by creating a null continuum with a spline fit as before, extracting data in sets of 96 and recording the best-fit (P, φ), and repeating the operation 5,000 times. The results were essentially identical. The trials imply that the periodicity has significance ∼ 10 −4 : this significance level for the datasets in combination is consistent with those obtained from them individually.
However, when the dispersion was dropped to σ=0.01 in the Monte Carlo runs, a little over a tenth of the periodicity, the behaviour changed dramatically: a run of 5000 trials yielded 2829 'hits' of which 1390 had I ≥15.5. That is, the dispersion must virtually disappear before the high frequency signal is seen. This result implies that the signal is not due to (say) color selection effects which simply modulate on 'characteristic scales' comparable with the separations between peaks. The modulation, whether due to selection effects or 'new physics', must be periodic, with a peak-to-peak dispersion not much greater than ∼ 0.1P .
In interpreting these significance levels, account should be taken of the fact that the hypothesis has not been formulated with precision in the literature (what proximity cutoff is appropriate?). In general the freedom to make choices will reduce formal significance levels. This effect is difficult to quantify, but in the present study no such freedoms were exercised, and it is likely that the overall reduction in significance is small.
RADIO-SELECTED QSOS
It was pointed out earlier that nearly all of the QSOs in which the peaks and periodicity were originally found were radio sources. However those samples were not subjected to statistical analysis of the kind used here. Thus we have considered it worthwhile to take such a sample and carry out the analysis. The sample we have chosen is made up of the QSOs originally identified from the 3C radio catalogue and after it was revised, from the 3CR catalogue. This is a complete catalogue of sources covering about 2/3 of the sky listing the most powerful radio sources measured at 178 MHz. The optical objects identified with the radio sources are either normal galaxies, broad emission line radio galaxies or QSOs. We are only concerned here with the QSOs. There are 78 of these, 24 are 3C sources, and 54 are 3CR sources.
The data are shown in Table 3 . The redshifts and magnitudes have been taken from the QSO catalogue of Hewitt & Burbidge (1993) . Only two of all of the objects morphologically classified as QSOs have been omitted, 3C82 whose redshift is uncertain, and 3CR371 which is a BL Lac object.
The histogram of the redshift distribution of the 78 is shown in Fig 12, along with its power spectrum.
The signal I ∼5.7 is very weak, but the peak at (P, φ)=(0.091,0.028) lies centrally within the confidence region of Fig. 3 . Trials on synthetic datasets (obtained by Monte Carlo sampling with replenishment, as described above) reveal that a periodic signal of this strength and (P, φ) is present with probability ∼98.5%. Thus the evidence is that the 3C and 3CR data also reveal the phenomenon.
The three datasets combined yield (P, φ)=(0.087,0.034) with signal strength I ∼18.6. Five thousand Monte Carlo simulations yielded no synthetic datasets in the confidence region with this signal strength.
INTERPRETATION
These results, from quite different datasets, indicate that the redshift distribution of QSOs in the datasets examined are not consistent with random sampling from the general QSO field. A periodicity is seen ( Fig. 9) : it is identical, within the uncertainties, to that which has now been reported several times in the literature for QSOs close to galaxies. It is remarkably regular and is found to extend for at least two cycles beyond its previously known range. It has been found to be present in:
(i) QSOs close to companion galaxies;
(ii) QSOs which, on investigation, turn out to be binary or multiple;
(iii) X-ray sources close to bright active galaxies which, on investigation, turn out to be QSOs; and (iv) the 3C and 3CR QSOs, which effectively comprise a complete sample.
It is difficult to see how an artefact (say generated through color or emission-line selection) could achieve this. The latter two samples in particular have been constructed in such a way that color effects are effectively excluded. Further, any such artefact would also have to imitate a periodicity to a high degree of regularity ( Fig. 9 ): a 'characteristic modulation' does not reproduce the behaviour of the datasets. Thus, we now assume that the periodicity is physically real and discuss some possible interpretations.
In general, for any extragalactic object, the observed redshift z 0 can be written in the form
where z c , z d , and z i respectively are redshift components due to the expansion of the universe, random motions (sometimes called peculiar velocities or other velocities) and intrinsic properties (associated with the physics of the objects). If the redshifts of the QSOs have small z d and z i , so that z 0 ≃ z c , then the observed periodicity must imply some kind of oscillating behavior in the evolution of the universe. Such oscillations are a generic feature of many models with scalar-tensor gravity (e.g. Busarello et al. 1994) , and in the case of a vacuum-dominated Universe they have a log(1 + z) periodicity. Might the periodicity then be an inflationary remnant? If this were the case all extragalactic objects including normal galaxies should show the same effects, and there is no evidence that they do.
We have a situation in which the periodicity is confined to QSOs close to other QSOs or close to active galaxies. For the sample based on the association of X-ray QSOs with bright galaxies, and the sample of Karlsson, the galaxies are all very closeby and thus z c is very small (cf Table 2 ).
Thus the most probable interpretation for these two samples is that in each case z 0 ≃ z i , z c is very Table 3 . It was shown long ago that several of these QSOs (3C 232, 3CR 268.4, 3CR 275.1, 3CR 309.1, 3CR 345 and 3CR 455) lie very close to nearby bright galaxies, and statistical studies and some morphological studies strongly suggest that they are physically associated with those galaxies (Burbidge et al. 1971; Burbidge 1996) .
What about the QSOs in Table 1 ? The general view has been that many of them are very distant as is required for the gravitational lens interpretation, and that the observed redshifts are totally cosmo-logical in origin. However, the fact that they show the same peaks and periodicity predicted from the lower redshift objects, which we have shown are comparatively nearby, may cast doubt on this classical interpretation.
In this connection it is also worth pointing out that:
(i) The first gravitational lens candidate ever discovered, 0957+561A&B, which is listed in Table 1 , has z 0 = 1.41, exactly on a peak, and it is an X-ray source lying only 15 ′ from the nearby active galaxy NGC 3079. This object is included in Table 2 so that it is the one system in both data sets. The possible physical association of 0957 + 561 with NGC 3079 has been ignored by those who believe that it is a lensed object.
(ii) The redshifts in Table 1 are from objects which have been chosen from their morphological characteristics alone, i.e., their multiplicity. Thus in that Table there are 18 out of the 57 redshifts or about 30 percent arising from objects that are not gravitational lens candidates. They are either called binary systems, or they are very close pairs with very different redshifts, the latter already suggesting that perhaps the redshifts are not of cosmological origin (cf Burbidge et al. 1997) . Thus for a significant fraction of the objects in Table 1 Table 5 ).
The results obtained in this paper together with the earlier work, and the statistical evidence for associations between galaxies with comparatively small redshifts and QSOs with large redshifts suggest that QSOs with intrinsic components are ejected from galaxies. If the sample is comparatively nearby so that z c is very small the intrinsic redshift z i will dominate and this periodic effect will be seen. For
QSOs ejected from galaxies with non-negligible values of z c the periodicity will not be seen because of the smearing due to the cosmological term. However for properly chosen samples of QSOs and galaxies the clustering tendencies will still be detectable.
We are indebted to Margaret Burbidge and Fred Hoyle for many helpful discussions. The redshift distribution of X ray-selected QSOs plotted using the same scales as in Fig. 4 . (Table 1+2 ) redshifts are randomly reallocated into two sets of 116 and 96 redshifts, and for each subset the mean of the residualsx i from the prescribed best-fit periodicity is calculated. The differencesx 1 −x 2 are plotted for 3000 trials, as shown. For the real datasets,x 1 −x 2 =0.015. 10 Power spectrum of the combined dataset. The peak has I ∼14.6 at ∆ log(1 + z)=0.088 and phase 0.031. Fig. 11 (P, φ) distribution for 5,000 synthetic datasets simulating the Fig. 9 distribution. Fig. 12 (a) The redshift distribution of 3C and 3CR radio-selected QSOs in Table 3 .
(b) The corresponding power spectrum. 
